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Compact, lightweight, and lowost heat exchangers (HXs) have the potential to
improve efficiencies and save powand carbon foot prinin a wide array of
applications. The presertugly investigatesraentirely additivelynanufactureahovel
metatpolymer composite heat exchanger, enabled by an innovative and patented cross
mediathermal exchangapproachwhich yieldsan effective thermal conductivity of
130W/m-K for the heat exchaer. This recordhigh thermal conductivity is more than

an order of magnitude higher that the previously reported thermal conductivity for
polymer and polymer composite HX8rawing on the concept of external flow over

the tube banks, theroposedHX featues a staggered arrangement of fiflsis class

of HXs areoftenused for gago-liquid sensible cooling applications. However, they

canalsobedesigned for laterthermal energgtorage applications mployinglow-



cost and high energstoragedensity phase change matersalPCMs) such as salt
hydratesand alikein eitherthehot or cold side of the HXdepending on the application
An extensive literature survey on tub@nksshowsthat though numerous correlations
exist in the literature for flow ovedube banks, these correlations usually fall outside
the range for the current HX design for I&®eynolds number applicationé ™

). Furthermore, the PCM modelgresentin the literature areeither very
challenging tosolve analytically or are comptationally expensive. Thus, the
dissertation emphasizes developing computatioreiigient and robust numerical

models forsensible and latent cooling applications.

The numerical modelsompute the overall thermal amdessuredrop performance
metricsbased on segmetdvel modeling Theyintegrate the performance parameters
such as EulerNusselt numbersor latent thermal energwith the entire HX
analytically, thus significantly reducingthe computational costFor steadystate
sensiblethermal energ storage applications, ragh-fidelity 3D CFD-based modeling
approach is usedased on the actual dimsons of the printed HX rather than a
traditional 2D CFDBbased model. It als@solveghe issues due the3D velocity field
whi ch ar e méhe 2DcCkIP made]send areparticularly important foHXs
utilizing narrowmicro channes. This modeling approach is used to obtain optimized
HXs for case examples &40 kW airconditioning applications and 280 electronic
cooling applicationdor nominal operating and flow condition§he 250W unit is
further validated experimentally and is observed to be within 17% for waterside
pressuredrop, 11% for airside pressure dr@gnd within 8% forthermal resistance

when compared against experimental sueaments.



For transientatentthermalstorage applications, an analytidelsed 1D reduced order
model (ROM)for segmentevel modelings developed based on 1D radial conduction
inside the PCMIt is numerically validated with commercial CFD tools tahin 10%
except for cases where axial conduction in PCM is possible dhe bigh resistance
of wire embedded in the PCM. The 1D ROM is used in optimizaihg4MJ TES unit
for peakload building cooling applications aad 9.2kJHX for pulsedpower coling
applicationsThe 1.44MJ unit is experimentally tested antdserved to be within 17%
for the melting time of complete PCM and about 8% for fileezing time ofthe

complete PCM.

Lastly, anothernovel and hybrid thermal energy storage design is fatad, which
utilizestwo different PCMsshape memory alloys (SMAS) instead of metal waied
salt-hydrates contained inside polymer chanrslsilar to the reference designs.
Besides the novel thermal energy storage design, a novel methodology on pitson
for finned surfaces on both flusides is introduced, which is first of its kind in the
literature.Ongoing and future work boththeseareais alsorecommendedah the final

chapter of the thesis.
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Chapter 1: |l ntroducti on

Ths chapter wihlel bfaiceksgtrootdiinslaxduhsicmd t he need
compacdagstl,owand | ightweight heat ex-changers
based composite HXs can mlgey siin Ne«dal, i Zihreg
section of the chapter discusses the conve

reported in the |iterature and the chall en

D

additional c h al |pehnagsees cahrai s$Bi €nMygn)af sreodm atbhse f or
| at ent t her mal st ortahgee laapspplriessaetnitosa st h eFi ma
contributions of the entire research and d
covering the diffeTkhasecmaphrerdscbhl tbdegedhe
devel opment ofpolay mmeorv et o mmpectsailt e -HXdibaased
approach, which i s thd&hkkagiropfosredt lse spreans e

for sensible and | atent thermal storage ap

1.1 Background and Motivation

For year s, heat excshbangecsl sy amp ®mia a me dt |
fundament al problems involving haAasatihg and
industries are evolving towards mocedeffic
hi9plower appliicataomgs.owt hgremeed to meet t h
associated with unBreacnatuesde hcecanmip adcits shi epaatt | eoxnc
integr al part of energy exchange processes
meet the gr ovwiemg dlensasndosartsséo ni ndiustries. Col
the sensible stgoatsdge@guappltiypatciaony a@«fonsi st

1



configured with different types osfrifpns su
filn®ln the airside. The purpose is to enhan
airsedte traneheri soeypi calsluyx hv @reysilgmvwe.” Hadwe
transiertgpeaally only minimally enhanced,

is already much higher thlal Itéoeg ifamdrr i cMeotree

compl ex genosmedter ineasrirdoew clhiagnunied s . Thus, comp
| owvost, and | ow thermal resistance -HX units
di ssipation requirements of diverse indust

Simitaekreg, i s a nemat cdlo BBaetdwdeegn ahd ddhemand of
[ 2duet h® i ncreasing demand.Ofnasrucdf fmediheordt od
increasing the energy af foiycidegvaettcompti t her mpa
energy storage devices -thmaitaltlaem $Sdwmree se nan
timariable demands withReseaowght axmtt gg et p uti
storage devi ctelseremasledy oatRENMa& gapu gilyg gr owi n
due to their isothermal[ Ftesrudgd nagnd nhicpmps

redunceeidg ht [s4y, sbt]e ms
1.2 Challenges associated with conventionglolymer HXs

1.2.1. Sensible storagaype

Due to the pol ymerss', -tanglhtamgivighpr opewti es,
HX designs have f ¢ &ysskeiedgLioree) pBoulty mehre HXoswer t
conductivity o®Opoliymgivets akobatively high

resi stance across the HX structur e. One wa



t hermal conductivity of the polymer HXs to
pol ymer[ 7rtheHloowmever, extensive research is st
met al fillers and porlnpamhercsonodnucthei ey f antdi
propertiep8pAnbhbeHXway to solve this prob
wal |l t hi cknewsasl |beyd upsoilnygmetrhiHhXs s-pabsagethe
HXd 9(]s e€iegur(eb.) )Bu't such thin structures are
constrai nvted.y,Alrteecremat ist udi es hapvoel yilmmenrov at i
composite HXs such[ a@$miggln(rdgdd) dp ccloynmern ukbXuss w
HX¢$ 11 (bk2ilegaute) )These hybrid polymer HXs con
hybrid tubes of copper and polymer whose ¢

from7M +t@7M + But these HXs are constr

di ameter size. -HXlsesciosnht ohubiuse wmeeal wires
smal ITastg u |, woven/ knitted through pl ast
compari sonfsi nwiarr apyisn whi ch deliver t he :
conventional | ouvered [ 1.3]HbXase vbeurt, atth e2s2e% H X
from-cwirveaessues and | ack a robust fabricati

In-plane water
channels

Through-pl
channels




T

parallel wires Smm

(c) (d)
FiglhirPeol ymer HX Concepts-tiumelLlHXey atuoepfaléawrgmiod yaner
HX 9(c) hybpoldy mgn @fx (d) coati anoqgulsle iy e

1.2.2. Latent thermal storagetype

Some convenbtasoendal HXsCMcontain PCMs in recta
spherical geometr iCcMb.as®av édrXesl cowlsiimdr iocfals
HXs with an inner cylinder consisting of t

cylinder consi[slthi,nldgs hafs tbhads ielhG Mjieiceehl has beer
extended to PCM cylinfgégdpdenthesbhagdd ndnec
|l atent heat|[ 85t @.B8aBW®t] stylsd *ensHXs typically f
assbedawi th the PCM, such as its | ow ther ma
K[ 20]swhm| i ng -saengdr epghaat$i&in] viog xipne&® sSi on i ssues,
an expensive encapsul ation procegs2.2cgompri s
The present remearsht hacabode nghgl | enges a:c
and | atent t her mal storagé , apmitiica&t iyonasd db
manufact-coed, &aow | ipphtyweirg ctomM@d6GRiltteh HX

an effective thermal coKdekdthidvanyefhethevies:

t her mal coofn daubcotui-kv iltbyh &AN¢ en hi ghl y effecti ve t



are attained due to high ther mal conductiv

patentenétedcarnoapproach and ar e -Md&ioa cthd dted

Exchangers).efhet popsdnscdsses the most

ad\

called 1 CMHXs (integrat éidnt@MHXd)e,ds wher et hte

integrated manifolds attached to the

process. When integria€CMdidXswidarme thef €rCrMsd

energy storage (TES) systems. The i CMHXs

tt d

al

area on bot h -saiidesisduer faancde sl itqouiydi el d better

the conventional uni ts efneerr gyemsdsiolrlaggea md pl

respectivel y.

Thus, the numeri cal desi gn, model i-ng and

pol ymer composite HXs form the basis

contributions are explained in the next

1.3 Maj or Novel Contributions of the Present Work

r

S

e

The pdessaeniailon tshiegnfiofbiVvceawnitagnt ri buti ons

1 For the first time, a robust and computationally efficient partly numerical and
partly-analytical model is developed to compute theére CMHX performance for
sensible thermal energy storage applications. This can be a useful design tool for
CMHX applications.

1 For the first time, a computationally efficient analytical madeleveloped, based
on thermal resistance and energy consamairinciples, for latent thermal energy
storage applications. The model is a reduoeter model (ROM) based on 1D

radial conduction inside PCMs and is also validated with commercial CFD tools.
5



1 For the first time, the effects of dimensional variabilitea CMHXds per f or ma
due to the additive manufacturing process manufacturing deviations from the
design are statistically studied. Furthermore, the robust numerical model is
successfully used to compute the CMHX performance based on new dimensions,
geonetries and fabrication details.

1 A multi-objective design optimization is performed using théonse developed
numerical model for diverse sensible and latent thermal storage applications.

1 For the first time, developed a hybrid thermal energy storagelrodsisting of
wires made from Shape Memory Alloys (SMAs) and containinghsaltate (SH)

inside polymer channels.

1.4 Dissertation Layout

The novel contributions described above ar
di ssertation,fodd oawutnlgi e pitrertshe

Chapter 2: Novel Met al Pol ymer Composite H
Chapter 2 describes in detodiylmerhe ompweli t e
(i CMHXs and TES systems)-mbdsadappr addaech pan
customi zed addi thmegmaenbbaeguanngohee. |t di

design f 1l exisbiclointcye potf itnheadHaXpt i ng for both

storage applications.

Chapter 3: Literature Review

This chapter includes the nt hkenoavelte dgd raendui
to understand the numerical model for the I
the physics behind the external fl ow over

6



PCMs. Then it reviews thetopes fioretateuf éo
HX and transient modeling of the PCM in th
the |iterature.

Chapter 4: Numer i cal Model i ng

This <chapter presents the robust numeri ca
typical l y boadseeldi nogn offfeaens emganckcenlt i n t he case
sensi bl e heat tr émsfeadr ,moadned am anrhal yctaiscealo
| atent ther mal ener gy -bsatsocerda gneo deep p Inigc ai tsi opnesr
met al wires alrnanged stmggered orientation
conditi owd .melntsiiomanored using Euler (Eu) a
chapter also presents the adaptation of t he
and geometries druaen uff @ c tt threi nagd dp nt o0 vees s . I n
manufacturing effects, the effects of coat
i s reveal ed t hadast manreufsahcatpier eod wihree HIXi ns ar e
the intended shapeallle ctorpuéadsernhradraog
process. It is also revealed t-wadtdi meqgqei dr
channel s, signi f isciadnet | p/r easfsfuercet dtrhoep .| iAogdudii ct
t her mal sctaotriaognes , a fapmlsieach alnyd e lcal s devel oped
consisting of 1D radi al C 0 n dduicnm e nosni oi nnasl i i dzee
using paramet ecrosn shaasngd drhetr i maeé resistance

|l ength ratios.



Chaptergrm:OPteismi zati on

This chapter describes the optimization al
di fferent appliceatoinadng i oai-ma@gwerof ecpauohl siandg . i
optimization algorithm is baséed mum tploe nd st
for @aobmyudcttii ve constrained optimization pr
optimum points. The chapter also provides
parameters.

Chapter 6: Experi ment al Study

This chapterimeaesahtstady2pees Imh0 mr@ MHX
test ed wfaotreraiGPU cooling ap@gBDcain2Oonnm and &

attlCM CMTES system for building cooling a

experiment al data tbecompet ki ai esi deudienay
house devel oped, Wi lson plot algorithm.

Chapter 7: Conclusion and Proposed Future °
The final chapter provides the main concl t
research publicati enppoantde dl aoyust | d amven fa r wd lul
research scope of the dissertation is also



Chapter 2: A Novel Met al Pol ymer

2.1. The CrossMedia Heat Exchangers

The currendpohygwmel mempbsi tpeatHXn tieseé docansoesds o r
heat exchanger approach, -médiea hedttreerdhann

which can be designed for sensible and | at

2.1.1. Sensiblestorage based iCMHX unit

The adthianhiuy elcy tprod d/ mmg ¢ sciof € 3 kD djpsains eH X

core made of polymer and as dimay fof meét sl

| i guiidde convect,i vaes hséhaogrit &)athilsé emet al wi r es
arranged in atstbagmdgerfadyuaratiimlni.neThe heat e
i ncl udey-nmnaadndui ftaicvteur ed i nt egr at ed alsi gsuhiodwnmainni

Figaga) The customized 3D printing-hepardocess
based on a hybrid [2é¢dsimgmedatanyetdeprAddRK
studemtss de[sZ26 . d®Ide imol ymer head prints | ay
buil d t hde latsguieddehannel §hesmeg aFDKead prin:
wires that continuously | ay dwarmagtdier pot y me
heat transfer ramnmtde | hbgtuwdbessiadleai raeg tr an:c
effectivellyw dérsepintad tcloemducti vity of the p
Figaga) This concept I smerde fae rarpepdr otaoc hg s atnhde t«c
referriedt e grraateessdtli a HXs , (iaCNMHXg)i cul ar type
Thi s approach facilitates hitgheaonvaerrdt ida melct

HXsvhi ch have fins aesl gyrphogmmed)he airsi de

9



Hot
Water In  Top manifold

Polymer wall

Cold Water

Cross Media Approach
Hot Air ,* Direct Heat o o
4
Olfz Transfer metal wire

Bottom ~
manifold I AN
nf 2 S
Metal Wires
Dy, (Staggered Form)
X ({1
O (o] (e} q
y ooooooooooi '\\
0o 0o 0o o 0 © -
5@ fo) o o o A
Q_s' o 0o o o o
H o (e} e} o (o]
|:: > *0 0o o o o
qo: B 6 0 6 o s Q
S (o} o ] (e} [¢] (o) Tln X
¥ O O O O O a Tin
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ije o o o \ J

Heat Transfer Domain
‘ Reotat = Ra + Reona + Ry

e
N

Liquid Liquid
Flow Channel

Air Flow

Metal fins
and walls

Conventional HX (No Cross Media) |
(d)

FigRrea) epad9oubCMHX desimprdi ah awipmrgacrhgsqd b) pl anar
staggered configuration; (c) planar views showin
conventional HX with finned surfaces only

and walls

| Conventional HX |
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A series of CMHX fuancittusr ehda vien bseuecnh naa nfuas hi on
Mar ysa mMAH X P | | abrablpet ofhe(saerent uni t, t he
FigB(ra)s different fromipatheCMHKsukRi ngd ad
manufactured uni tf itno-ffaeuddte) r &€ oan f § tgalg e 1 e dh

a doluibdqwei d p asnso ssty sitnepio)r ttaamgdt d-syede | mgoi ol ds

Tablt eEvol uti orCMHIXsa dfearreil loyp eadf at t he AHXPI | ab
Liqui Core TubBankLi gii d
CMHX Mod Wi r
PassiMat el Configu Mani f
PETG
150WMW2 9]
Pol yi
1Kk W30] 1 Al I nlin Absen
350\W26] ABS
Pol yi

Current
2 Cu Stagge |l ntegt
(Current

2.1.2. Latent thermal storagebased TES

The <anreadsa bapeldy mern ad o mprisgBi(reed X 65 mel ar t
the ones for sensibleossosagefamplti ddtuiiadnd
alternate ¢l uubdtchaenebhd ¢6f the d&iCMer f 1l ui
contained poi yimenschbFiogggrite h{ s reswudbdsts in |
macemcapsul at Hene pof tnR&@Mpar cages he spraivii@lct heat
transfer route betweenFitgdrcd)gt filnuiegp eanrdce ntt

t her mal conductivity of the pol ymer. At t

11



channeFisg{(fsd)e) , t he met al wires dramkarrang
pattern of staggered ori®ntand olno NPgairtaunteitra

spacings betweenOhe wires of diameter,

Cross-Media Approach
__________________ .
: Separating Polymer :
y Integrated - Wall (tywan) I
manifolds : :
I
Hot |89 . = e ) : :
Fluid In | hFl‘lld : :
el @ [ channels - Continuous Metal 1
Cold | fluid [ pcM i wires :
Fluid Oug i L -
i channels
Npcm
Polymer
wall
m Metal Wires
m PCM
m Polymer
(a) (b) (d)

FigBreHX Geometry (a) -d9esotmedmalc wiiew dfbiXArmplsane w
shown i n r(ed) hdegahtdisognhatls vi ew o fmexdYi ap |laapnper oaancdh (ads) ncarr
in (b)

2.2. Additive manufacturing Technique

ThieCWMXs are additi vheduws ananmsuifragc tau rcewds tioomi z e d
pri,ntaeut omadoedde vprao g&d@ ammi ngr abwaiBriegel ol yameCrA D
composite HXs are fabricated using a hybri
Deposition Modeling (FDM) and Embedded Fi b
(EFCAM)1]The procesbvsetseapssx p h & wpg4(dan)i Inn ft he

firsthpeotleypneexiruded to creasenghpobypyméompm

head via the IFnDM hper osceecsosn d snmeetpa,| awiisien glaey,e

12



|l aid on the top of the ,pruisnitnegd ap ®deytnaelir aplraiy
the EFCAMNrepb88s metha&ladpriunts t he met al Wi r
of extrusion. And in the next step, anot he
met al wires from Stepread.udiasd|Ityhei polSymer
process -ddr eStregppse alt ed unt i | the number of
wiss@acings is achietvlearema&liloggvet orbge bapén
the PCM has to be contained inside the po
printed di fefnesri ebn tel ys tforr cangFeis gadyf fel) i) ¢ a tl ino ntsh e( se
when the HXs araanaenfiaceluy eddadist ipveat ¢&§ he CAI
t henpposéessedaby nds eahleam tismo |syLcrioertahedpmex y
ensur-pr befakmet gmern N2.FlhkeadHXs are al so test
|l ongevity and reliability by developing Ar|
pressure conditions depending on The oper a:
poptocessed H&Xadbhger teeoxtpheatiensebretaset 6 di t i vel y

manufactured units by Fhebpee nIDagr it @dt@enr ar

APl | abouatdersgeovhearsal e n h & hceoenmiernitbsu twiotnh o f
team members over the years. Hhoewdeivae r h e astu ¢
exchangers and the thermal energy dtorage

t hcer eati ve efforta BlstDNademeés h nAywagaArHiXPI gr
Thubsa,soend t he abbBXkediigrHse,r ethnhtese GMNMX$ dar be
to the foll owjwhgi csha |l nmagknetp rtfedeetr wmbeé £ candi da-

conventiuonalk HX

1 Innovative crossnedia approach

13



1 This approactenhancethe overall effective éat transfer area on badttne airside
and the liquidside which are finned surfaces compared to conventional HXs,
resulting in a low thermal resistance unit.

1 Robust additive manufacturing technique
This automated manufacturing process can yield custteiz8X units with just
in-time printing, which is otherwise difficult to implement in conventional
manufacturing techniques.

1 Lightweight polymer structure

The usedemnfsiltogsspealhy mesr Acryl onitrile butadi
Polyethyt bakatergphcol ( PETG) Hpatdhwmihckkes | i g
conventi,owmalc hHX4Yds eorexttiitrietleyed of proeltyanher For
weighs -2b6utithes | ess than aluminum for a
of the Imogshttmeosotmmaersdddl i n conventional HXs .

1 High thermal conductivity metal fins (if using copper wires)

Copper has appr aximeast elhiyghle.r7 tthhearnmat hec on ¢

conventional uni ts genBeurtalcloyp preard ei so fa |l aslou n8i.
th agh u mi,nusma | tuhmethum wires can be used instea
requiring |.i ghitnwed gthhte unvigrsal | CMHtXhaevei ght
pol ymer, the overall HX weioglvte nsXh ofandard &b e ¢

fadampari son.
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(b)
FigbhreAdditively manufactured a-h® CdMo @ESI huen iAtHsX P(l1a )
Laboratory

1 Scalability

composit e ,whoilcyhmeme aHWXss tahraet stchael ya bc

The novel
Radgremdi mdpowp onr

as small Iax0mMmOfmamcea t o a sSc

applications.

their di fferent
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1 Design flexibility for different energy storage applications

Since some applications require | iquid anc
designed f orstscernag e | aep pelniedcagtyi ons. And with
pol ymer printing | ayers, the same HX can &

storage unit consisting of PCMs.

Y Low HX cost

As polymer and tclogpipemi raum, cthteea p@Vv e rcalslt H X%
cheaper than cAdrdv dn toincad &lp s Xissiahdg ©hyowr at es
Gl awsbesralt as PCMs can | ower the HX cost fu

1 Integrated liquigside manifolds

Since t he fabrication of t h ea naaddnptoisvi & e

maufactecihmgque that tilke cQMHi zxaibdehave |

mani folds integratesd nmwiltahr tthoe tchoer ec oonfv etnhtei o
Thus, the novelty of these current HX desi
convent iymankailn gifl dshcerma bil dei vt ep puésiec awh iomts wi | | L
di scussed in the next section

2.3. Applications of Novel Metal Polymer Composite HXs

These HXevélave varied tchoaotl i nsgge ag pda csag fi loonw
HX. These apdlwedeacdti ronmsi cis cooling of comp
applicatioods$ t i anirng, automoti v,e, buwuielrdismpa@c

cooling, -powkrpuwmlpypdd Thei appl i cation discus

17



di ssef boat stehwel e tcromniicmmg of deasikrd mgi tcCioonpiun @ r
and -pea# shift-caglingbappHtdiogtions

El ectronics Cooling of Desktop Computers
Liquid cooling is one of theewifdbelmancse dCPtU
units. Iltigwinddest sopfidadl ao psaiidieh el dapguciodn s i
of aplcatlal, a puyampd lai guehsiklrévwolilees ai rsi de con
attached to Ftihgdrr allhatios | dtsgeda itehde r ma | i nte
materi al (TI' M) .t Ast hHéh emontoht enrelyr badrad d t emper

|l iquid pumped out carries heat to the radi:

radiator, conjugat e clod alt atimarbd foevri n@gc d rrosn w
in crossfl ow, resulting in cold water f1l ow
exhausting out in the ambient air., This a
experimental, and future work sections

Liquid Pump ||
and Cold |
Plate f

Fi e@rLi quid cooling applications in CPU

18



Air Conditioning Applications

The other application where novealmtitpol ymer
conditioning application wherTeheiyt aacdga&n ulse di
inside thédodiset afppddicemttimensai r handl ing uni
the room and is passed to the @ivmapbaadlorng
As the air passes through the Etviapmreaftfoagt i
facilitated by the condenser <coil kept out
here chapt bldeeosni gn opti mi zati on section.
Peakoad ShiBfutiil#&@oigmn ng Applications

I n applications reqaucham®nidnt é omii hntge atp pd 0 @
builsdi@gHXs can behecmalrgy Isatne stjaslodded/i ces
CMTES (Cross Media Thermaads Eaeplggiidedragugeap
Fi gurSicre t he PCMs can store energy di ssi
i sothermall yplwhee whilldad guéldeasing the sto
surroundi ng9 halsen itmisolprdperty olfodPdMs i s
during daytiumédimgcoé&lbrng hbs, the PCMs bas
an -dauct system, are first <c¢charagaerddidtuiramegd t
(AC) on so that cold air freezes the PCM, r
i s disconneucitleddi nfgr oans tthheerbe i s no cooling r
ni ghttFimegun((as)e)e. Durd gl itrhge lpewrks of t he day
is turned on to facilitatedaiCMTIEGw uacnt s aal
then used to take away the heat from hot a

t heremelr gy, |l eading to cold Bigtu(em)i)t.i nBjutout
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when the PCMnhaseme]ltetd can no | onger be
Accordingly, the actual cpoaoslsiinngg |tohoep QMT WS
in pr okpemlky dafyft i me hour s.

Thus, all t h e s e mapptpil miczaet dn edndss itr dem e @& &t ir © g
conditiomsbbasnh the requireddheptt argesser

hydrodynamic performances can be evaluated

Charging Mode

Release Heat

Air-Conditioning
ON

Building

(a)

Store Heat

Discharging Mode

Only Air-
ConditioningFan

(b)
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Without CMTES
Day —

CMTES

; vy & ~ ~Cold
Air-Conditioning HCold 25

ON

1/ Air Air

Hot |

Building

Air

(c)
Figtreplea&kdf shng in building cooling applications
di schargi ngt immaele daur ipre@kt he day, apeakc) i meshaduwtr i G
the day

i tealmadtuntee geomaandchl ow A arianeedtgetrusn.ee spluor e

the correlations is thus carried out, as s

2.4. Summary

A detailed design anwaedilai lbadddpwn guvaeelih rheotr.

composite HX was explained. The current di

ot he medisa HXs, which is first of its kind
salient features such as | ow cost, l ow r e
technique, were discussed which make thes:
di veerisndustri al applications. One of their

work as i CMHXs for sensible ther mal storag
cooling of desktop computers and as TES un

21



Chmter 3: Revieewt ure

3.1. Theoretical Background

This section covers the fundament al kKknowl e
behind heat transfer and presburiendrogepet|
basic under standisnsg toub ee xbtaenrknsa,l wWhioonh arcerpor e
across the arrangement of wires inside the

about the dethahgeomatbei phase

3.1.1. Tube Banks

The section explains the deianks ambmoangedrme
formed by the met al fins embedded into the
heat transfer and pressure drop -panksr manc
and; (iiiyrorhelbtitenat toe tphedromasi@afnacteth ehydr
external tfulbewmkascr oss

(1 Geometry of tubdanks arrangement

The geometry of the tube bank consists of
wiersand t he di avmeest.erHeorfe,t htehe ,awvodd$i nhsbas e
i nrtcechangeably wused. The paramet,ewhs chr e sdef
either longitudinal (along the direction o
the direction of tHe glBlfle) danhtowr). adhehowl
par ameatlheacngintudi nal dir#&ctwlinch si g eplres etnh &
centteenter distance in the | ongitudinal di

tubes in the | ongi thkidg8&l(rdbé¢) diorredtnilom,e a0 ndh
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i Ri g&8(rce) for staggered configuration. Si mil
transverse direcVY,i omhiicsh riesp-taslesaa tetelded b gget natnec
bet ween any t wo tchoen stercantsiveea steu bde s eicht i on. T
the |l ongitudinal Ydiséanicen,awslypawatdaeti mg d
the number of tubes i n theyYdirsatnasnvceer sawadyi r
def i néd uby timet aggered configur attaieomt,ert he
di stance between antyhleowogicoundsiencadt idvier etcu b eosn
Y8The fl ow regime acr osst taére atnugheenebna n kosf itsh e
The samnudiydheex s ernal fl ow of two atclrwisds | @aar os
directi on,atso sehdbanpg8geeh Eac-bi et @i ns i ts r esfy
fl ow parameters and hiheh gafofmedtri che@ aoaemeal
and prdaspsgpurfeor manc e baacnrkoss.s t he t ube

(i) Fluid flow across tubé&anks

The fluid fl ow acsr ofsisr stth ae xspu bap | nkekdit&éide aver si
tube baakssehgtdg flusdngl ewi sbeasssaheot he
' imiting case for the flui-dahkosplacrgeegsi $u
such that the flow across the tubes resemb
The external flui thef loowsaogbesciyhensiengl s
Reynold number of the incoming fluid and t
is defined based oUu) toHe tuhpmpes tfrleua nd awnahlaccuirtey
charact erii.gehiec tludbre@tdh amet er (

. . ” l‘)’o
Yo —
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of coon)t ancitt h( t, h @ sc wWhiogW®ebeeisn cal | ed as the fir
point. The fluid velocity increases as it
creating a boundrargariddgar tisep bdapmwihnldatrt om,
fluid attains itbsamim)xi mbmernwvelwbcchy ifs ve
deaccelerating as it goes downstrehem of th
point at both the top and bottom side of t|
(6 an@d) and the continued downstream movemen
the boundary | ayer then sepawmaeeseantdtdaga
t feor mati on of stable or unstable wakes anc
points ofd asmiaraatdi ahe( wakes/ vortices for ma
Reynol ds number anfD)s i Evzenod at hgi cyi nodeas

velocity before att a)i.niSigmiiltar luy,s ttrheea np rveesl s

varies accor din e qtuoa.teidoet Be rwnmeluddiity i ncreas
decreases. Thus, thei draeppruacaech ntchree asest raes
cylinder and ios tlhe trheexi nduentc retas e st otpi | | it
where it i o and .milni mhmen( goes downstream s

increases with decreasing velocity.

The flow is restricted forbeextuseenapacdi ogv
bet ween the neigmhbamgnd nteu boees sit aggered con
flow parameters are determined &y Pocamputi nc
nmber. The Reynol ds ntuhmBaei musn def iocedybase
t hneat ure qgandhehél ahadr,actelea i ditametleerngdfh t he

shownheénf oHd wamiinaggn. Th e ,mna xsi nbuans evde | oonc itthye
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v]dpt| v tapily jart

Boundary Layer

Wakes
or
Vortices

Stagnation Point i Point of Separation
v=20

Figa&rePhysic of fluid flow across single ¢c

mi ni mu B eccrtoisosn a | fl ow area for both inline

as shbwgl0 e

vSr = vma.x(ST - D)

sk
v e
#i _’_"

v

/

\_‘_F

vmax—-—
660

(a)
vST = max{vmax(ST - D): 2% vmax(SD - D)}

(b)

Figu®eVel ocity definitions fbaarnk( ac)onifnilgiunreata nod s( b
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These parameters affect the ther malheand hy:«
crossflow of hot f 1l ui doaankd c ollhde ftlhueirdnsa | a cpre
for each fluid is generall y0d) gquanttihfei efdorfnr
Nussel ttwmiuenbb eirs a di mensi onl ess quantity a
and Prandtl numbe ifYTOaonr¥f@, ga v esthhapwrd miédl omwi (h g

Equa.ti on

QYDis | k7

S| 8

The purpose of using NUewedputhumdreamdatsam e C .
Y nw@Wiwhen compared to phlysihcealt warainashileas cs
(Q, heat t0) aartleas asteawn i n( E)qufadrn oasgi(¥dn

bank geometry

0 ®YY
wher e
o, Y Y Y Y
Y'Y - "
P Y
—F o
Similarly, the hydrodynamic performance i s

the fforEm!| @ rwhniucnib eirs a di mensionl ess quanti
Reynol ds numbesdhahér geavkpan@FO), ( uabse sthhoewn i n
foll &€agiumag i on

~ Yo

00 — QYQS s r
"w U

Valye)
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3.1.2. Phase Change Materials

Thphase change hean etrdtal fsl uvods kifcliwa vinsh aiPrCM he 1
mel.t sSAt first, t hlee PICIMNn gt Au ¢ st s eersti bdlepy fr
di fference bet weenf P&LtM a&infdf etrhBen g fibveail du,e si (
Subsequently, as the PCM dresipteir ariYytr eerhpeeeraa th e
PCM melts isothermally usinga3s3@ Sraenladtairvely
when the col & afffelM dmdtl eorwisag | tfhreeezes, r el ea:
hedato. deter mi ne t htetheremaelngy ofhdtatewaul d be
relative to sensible enthalpy, a di mension

oY Y

0 0 30

wheYeefers to the surrounding fluid temper

Enthalpy Sum

Toud

C P T

Temperature

FiglbteVariation of enthalpy with temperature dul

The PCMs can be c art etgroarnisziesdo dbnadgpehndagspesss ¢ h ie d
and -solid such as -INiguind lsanld idnatley pecs! iwdou | d

mi ni mum volume change between their phases
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compact designs. -lFgupei PECMen the &M dnat er
selected based on the foll owing criteria:
1 Low cost, such as inorganic PCMs
1 High heat of fusion per unit volume and mass and high thermal conductivity such
as inorganic PCMs as compared to organic PCMs
1 Noninflammable, unke organic PCMs.
1 PCMs transition temperature close to temperature conditions of surroundings.
1 Chemical stability per thermal cyclé is generally recommended that PCMs
withstanding up to 1000 thermal cycl@2] are reliable for use.
1 Subcooling and phassegregation issugg1] for inorganic PCMs. Issues can be
resolved using agents such as BoraxandBem i t e i n Gl auber 6s sal
1 Compatibility with containment materials, particularly for inorganic PCMs, which
can be highly corrosive

Summari zed PCM propertiFegiu2rd costs can be

140

N o
% 120 \I,i(’l()J.SHZ() w a2HPO4.12H20
g 1
S ~100 @ ar FeCl3.6H20 BCH3COONa.3H20
@« s -
.- CR KF.4H20 > \.\'aZSZ()J.SHZ()
& :; 80 8 ¥ Zn(NO3)2.6H20
K Mn(NO3)2.6H20, (’C'z"’"m[  RcaNodzam20
w Z 60 |KZHPO4.6H20 : (“' "cosa“".
Pt 2 \ { ®_\Octadecane Paraftie ‘;23; ./60 S &649
= 5 .\n-'l‘etradeca n-Hexadecane 6106 (3 ‘
= a 40 P116 Paraffin (1) 6403
e CaCl2.4H20
= 29 | ™ Salt Hydrates
® Paraffins
0
0 10 20 30 40 50 60 70
Melting Temperature (°C)

(a)
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@ n-Octadecane

§100.0 { LiCl03.3H2

B KF.4H20
-llcxdec )

~ WX FeCl3.6H20
Qn-Tetradcclilfc T S ‘F 6106 /ssz‘/ Para{gl; (I) '8
Zn(NO3)2.6H20 -5 {
Na2HPO4.12H20 —* *pirg Mm
—_— Paraffin @)1 K o0 g0 W
: i CaCI2.6H20 CH3COONa.3H20

= Mn(NO3)2.6H20 R( "a(NO3)2.4H20

Energy Storage Material Cost
($/kWh)

 Salt Hydrates UNa25203.5H20
@ Paraffins 5-Na2S04.10H20
S1.0
0 10 20 30 40 50 60 70
Melting Temperature (°C)

Figlee(a) Latent heat energy storage [deX]sity and

The presentodusseseroat PEM& s ahtdix,aadse c@Glnaeuy, b earn

potassium tetrahydrate based on the outlin

3.2. Tube-Bank Correlations

The physics behind the flow across the tub

obtained by comgpuhydcrgody rsa mihe ripnetd & regnrmeatnacteiso

has maesknn the |iterature in t(hiei )papser fboyr miin
numer i calanmodeliiing by carrying analytical ¢
based on difaedenl ogepmetamet er s. The 1liter

parameters such as Nussted tewalmbeetre atnhde Etudl
t hermal and hydredynamic performance
According-bbokt bcenfuberations, theaedtire |
prescadruape performances for bagskedobhngsr dataisom
i ,et.agger edanmdndt iéanh@oue r r el ati ons.
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me t

geo

Ma c

Eul

One

t he

and

Con

stu

One

cor

topban&ts bhabdhbmelnorsd utdimal as the earl i e
ed on expert MeOBtOss d dthieetboaicchd wanldop corr el
Eul er and Nusseltt onf-s pmhuebiea gt andt e dp wt pa
the thermal and hydrodynariam kpdarhf@orema n c
iod, sever al researchers started develo
tried validati rdgp nteh ebiyr owdrek wietshe atricen ew
earchers also used analyticazl ngnet heds

iserokes equations governing thetHduid fI
Os, with the increasearnheopmpatattedalus
hods such as CFD solver tools to obtai
metric and fl ow rangesbafnokrs.e xMoerren ar e cfel

hi ne Learning anhle eé\re uur sadodp Ntedo wdheekealt h awn s

ensive experimental or numerical data f
er Number| Staggered Configuration | E x
of t he beyardhiielstto ps3tduhdoel dost eéh erresl,at i ons hi p |
friction factor or the Euler number in
i nline configuration by atnhad -ptaunbkeg . e x p e |
sequently, within the next decade, seve
died[BY]Biledklodu §,7 ]WHdI3l8iland[ B.BFTris

of the most c¢commoind yt hues dldisteexrpaetéss MBnh é a &

rel 86heoreditersti ng on 22 staggered tube

“YIOr angi np@ ufor o3mYd@ridregi ng from 0.6 Qo 3 for
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vargyifncrommt fmmnm TYRevas defh aeedf lomw nrastse per L
mi ni mum area. in the bank, G

, 00

Y —

The otriedsy@agtapghi cal r el @dniuambsehri ps ymeotnwemoru s
fricti&n WwWiatch &¥Ricféfrmoesditng tYFOaln¥fOeatind s

and i nf eiObeeidt tehratr gmai ns constant or decrec
number @ondmber)is greatly affected by the
('YZO,"YfOad tube configurat Domuwmb ears. c3ohfiep aaruetdh ot
the atsdyprovided clOotru leeaniga mpgf efrcrtoams s btior
didenxpl ain the trEHodesatjstfheterwéye sever a
abotwt use of correl-abwondevsachoms when 1Wal
correl ati omesodpd fewof kki@a¢nrd unpiaic olenxtped i ment al
uncer twvwhinah emsi ght affect [thl] frictional f ac
Extendi ng Pt led Sywoir kt hodr rpeesrefaarcme dvdbsy2 |1Gr i mi s
t pr oeciod r el attihoen spruesviinogd f @ p 8 7 $¥MQuvsasreyd n g
from 2000Thios 4Watbl@dt. t he Eul er n(bnlmaer of f
functYXohhe fal sdy menti oned that tpheult®s rect i
were negligible. Howevaebrl,e trheevriee wise rree gsaervdei rn
of the correl dd@@sst hGneighi fhemnt devi ati
velocity due to small details in experi me
obtained.

Tof urt mprove the understandimagsde hodmdPi édrsa

corel aBb6parsot her research dwdhsceacodduetiendy by
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expressi onYQhWwrOaef¥f®anaf friction factFor was
staggered configurati omh,o¥YQtrhaen gcionrgr efloacd m osh0 Ow

32, OY0Or,anging fr omwfQr.ahygyitnagg ¥reomd 1 t o 3.

" v pPXV
Q YQ® ™My —%
P

ol <
=

Howeweme wunfavor abheemaemoetes alcg@u]r ate and
corr ejlsathisd mand d taad efdr dmp mh oy, s[adu@eétveed yoped an
i nt e gsriampel de cboyr rGaulna thieamad n dd stowrg peortehd and i n
configuration as weblbr AacElhdxare sed agairdene xt e
val im'¥MQ famging fromYJOd ndf00a®@On@nidrom 1. 25
But , wd koo shmame unf avaef éd,Bluec hr eavsi e(w ) huge d

observed hbeetGuendrh e 4@8d red me i wchdi ti onal exp:

(ii1) equally same effect of tube spacing at
flow cases, (irii) ©'imitwad dtad @gearved | aduiel &
no inline arrangement cases) for | aminar r

number valuesnoAbebd Ppifmgllyyded some <correct
friction Wascedromnyr@iprtswedraklificdd2 r angi ng from
wrn x mmand for two di fZfi earld mte amrdf isd wrgateir cerds
Eventamde | ¢yff the most widely usedwegdibl el at i
devel oped a mor e raenwi allell ¢y, coovrmprn enlge wg idweeg r
spacing, tube ar,ramg e nPermtnsd,t FoR enyusnibaegrgse.r e d

configurtahtei ocnor r elfaoM wvasy wegef vamiYB to 2, 00
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varying -Z.ro»mdodax5 i ng -F.ro»5n OTMBodugh it is a
correlati on, some wunfavorable reviews rega
and disconti nuittiioenss .i nFoirt se xaanl ev, a ltihde fcoorr
extr ensep atcuibndyesa mi ma,s uc b n gefOwR e B Y@ n ¢ 18t
Similraclenwt worlk4d |bdye vGaldodpiesd compr ehensi ve
0 pmowsfOr anggifnrom IYIQbangi 3g froM2 0.6 to
ranging from 1 itso c300nDp, udtOadd. (b$akBseegdl €cdn) ) .
HerGnumber i s synonymoudr dg ddhafsfdidd ibegntt hen
autshifchre aocbomp,udsoer both | aminar and turbul ent
staggered confiisgar & tWNOGMIOw mYFOE

Eul er Number | Staggercead Gonndf iAqawarl ayttiicral| CNL
The alternate approabhstdadxpgaviemeompe smigc &lolry e |
devel oping tlye sodowvi emigatbikesNagquati ons for f
banks. The challenges wegranmdaithley com@ud amp I
and cost. Meeting these challenges,- the ea
banks involved devel[l ©&hd gr wromif oyl meaw s tcneegehiesst
over a sinfglod L 4 tb@i] nsdtpuwrcdbyw i de d stohleut s tornesanf o |
function and vorticity equatdiroms remdl psed
square stagg¥®¥Osed "YfQ)b eV@vaintkhsi | "YIO@@ dnd 7
and 3. Their finite differenpel|l metgod dusned
cylinders and cartesian grid in the rest C
staggered quarter circlebe vwietnbtee¥ycdmetsr y b

di stance away from each other and periodic
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there were some unfavorable reviews parti.
spacing.

Subseqareot hgf5d#padryt ed their work based on
foMQranging fromYIOHnNIOr ddi, 0P 0f, rom 1. 25 to

varying from 1 toY®BasEdepynh mewaveere] ocseyg a:

.00
YQ —
[
wherep —antilat heombelvati ons for Ewmbhae mber
2( a) .
Nusselt Number | Staggered Configuration

The works provided by some of tdtehbedut hor s
corre,l awhiolhls be ir hedsesed in
Foll owing one of the eardsedctodm e B adn e x p.

t hbebocorrebatbobhavaéddwéone the samesgeacmet i

mentio'ﬁ)éndunfboerigréibhicshlowrée’ﬂsnmd:rtsas'\d’()ﬁg wi t h

Besi delsows h atl s 0 0 b sadreweech dtecnclteawen t ube arr at
asYro,"YIOand darbfei gurati on. dHpwretved , wehe agpglu
for gases sauncdh tahsevae urfméoentrl ybfy usi ng adi fferer
consi 8emebdarl vy, the[ 42 F dthteltbegyorGr iafo e®inmi | ar
Pietssexperi madt ptloggesacd!| ati ons for the sar
fl ow conidR&Oi sn$¢ he arrangement obtained gra

06 T8 YT 'OYQ® 018

All the aboveéehNeuo rnruenibaetri oanrse bfielxr3 c ussed 1 n
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3.3. PCM based models

Sever al ki nds of research have been done i
phacshange process, I n general . The first a
mat hemati cal |l ychareqili pogs tehse tptheeasmovi ng boun

al so call ed [Stkhf3dandr pbbemded 58y exwaoi ngol

heat equations and interface equat-ions ba:
change boundary. However, chhélkenmgseolgaeedaenae
t ntierface i st$uesasuohtasenand physical dis
in properties from one phase to another. T

simple geometries and boundary <conditions.

sah as calculation of wvariation, successiv
[ 52]are also |imited to simplified 1D domai
The alter natsiewmeneapxradachechni ques g-enerally

based andbaseanthdilfpfyet enceel amdntfi mMeeébods.

tempedbasede met hodsc htarnagcek btohuen dpahrays eby s ol vi |
temperature equations on the solid and 1Iigq
bal ance &athatnlgpee pHaxmnesdd8Hgwever, these met hod
and are challenging to progrdbmasdéde meo hbd®ste
doin track-chkeerg mhesd ace but rather treat t
conduction proklheamgwi tbhlyowtol yhage a singl e ¢
the combined | iquid and solid computationa
unl i ke t-eampedatwmert éfdiese met hods are also |

progr am. Si mi |-baas etedo mehteh oednst, h ad tphyer met hods
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soutredmsed met hoecdaspaznd yh4letvedbodsi ty transi

model 5®gand first and -sawomfp 8. hEBfimesg nami ¢

nuenr i c al techni gwreesx |l ovaen tmet emutlitd ldliynensi ona
of versatile anal ytical probl ems.

The most common application of t hese nume
storage processes in shell adndaptpulmeachtesr a

ent hiad 9eildnét hwhlis|l e s ome pwbcd Jhld6aljfThey f or mul af
t PeCM prebteomunding the tubes as a 2D axi s\
chinder consisting of thenf ddwt pagtejrng yi na
consists of the -B@MedTBbBeéesedi egl hadei daelen e
PCM cylinders enclosing finmheded ubgpr awad me
[ 1.7] Some studies Hlaseduseptbaclkashdl pgctly
solvers such [bsB]Smnmys aFl a@mpt i cati ons on ¢
storage systemaahasena@l analbgttincal dapproach
t her mody n[aln@ hcds nhoavw ng bo[un]JdBe i dned htoldes t r ad
used approaches, some othkat shmpeebeemedevu
are the temperature and thkdmaeédrgsi snheng
conservation and i mplemented for concentri
these transient studies are based on the
computationally expensive.

The present st uddeyy e |tohpurso mpfud eft s ieba® ded n try

1D radial conduction in PCM, which- i s | at

based approaches via commerci al sol ver s.
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3.4. Summary

This chapter discussed the theoretical bac
t he -mediss IHXse Such HXs condiask gkometeg, i
fundament al understandi ng-blmelkisn dvae x teexrpn aali
Extending t hebamdkmnc dpetd ofo taubdeet ai |l ed revi ev

for Eu and Nusnuamglperedf amdbotmh i ne configur

that these | iterature correlatiobhanbre apf
geometry. It was shown that although the &
used in | ami narerfyl dvwe wc cmodirteilaans,ons are av:
directly for enoendpi uat | k) [ enref ocrrnoasnsc e o f I Nt e
Moreover, from optimization point of Vi ew,

the optimum HX parvfadrl mabd ee Isitreceattuhre corr e
di screte geometric ranges.

Additionall vy, the properties and chall enge
encapsul ation process and | ow PCM ther mal

suggest ed htordtcosnuomlys can-emecamsw!l Byi 6 heoma

met al structures present in the TES wunits
conduction I n t he P CMs IS chall enging u
computationally expdomava dapdendiamgi bhomnh

shortcomings can be more prosocaheedesf grm:

optimization, as it involves multiple runs



Chapter 4: Numeri cal Modeling

Th s hapteesrc t hflelerser i c al modebr ntphsee im sa bk e HX

| attehnetremals ppraape i dat icoomss.i sts of three main
section discusses numeri calanmdo chelwi rn ch ef @rr ers
numer i cal tmoaosed sn emeedest Tahred seltalnlde rseggedgei on d e
devel oppmemerofcal motdlee rsmhalr agensappl ecations
perfo2PBPOFMDy si maltaehtee g me nt l evel odd ¢ehe HX a
comput attbab@®F D osadel i ng oA mésmhdepeinde nE X.
study baakeuwrfvient i ng approach i s al-so carr
independent ther mal a nHlo wrey cerr @ d yt nhaemi ncu npear ri acn
computes the entire HXtmpmer fpermanmomanizcye ipratra
the CFD of segment | evelthasuemftashe& i Xandd mdu
Since the geometrical parameters might aff
HX ,hiaghd&8Di C¥D model fel ob0het beghbwhnitcsh eevel
al so tries to canditdieve tin@am uefédgebeat mse hagfi c

di men3henbkbast secti omr ddars crmesdeahn daRlQM)dufcodd
radi al conduction 1 nsildte &ldm reanlvyetliogpdalngapgg
whi ch adaouvesof cpmpebmp a ptaldect a a | transient

simul ationwi oé moeelPCM

4.1. Need forthe Numerical Study

As di scthieseéditnecrlduiersec or # ¢fl at i bhepdofadr and

pr ersesruoopn)l ys ofnoer x ech ges and fHoowe veeanditthieares .ar



direct corr elnttiloen sl iatveari d tabrl esb § mk a@an dvi fdleo w

par anfedrerlsami nar cr os s-bh o(ksskeoievgel®y. est agger ed t

‘ | Unavailable in Literature

10 100 40,000
Re
1.25 1.5 3 4.5 10

iCMHX Range
ST/D and SL/D

FigmBreAvailability of 1iter atanrkes doofyfedindifjearesntf or s
values oftg different

This shortcoming in the | i ta&aQOFDx usrteu dcya no fb et
t u-bank getoomedbbyanhHXehpger f dromansensi bl e st
appl i Tdhtei pmesent tdods sfdretraetnitom pypsreosaches for
The first approachased bmacedeal iomg 2rDe |l GRd t
di mensi ons .ofl nt hdehetOQMaHXtond appr oalcdhsed base
model ing related to reaggesmecr andf ac CMBHEK
measured via microscope and SEM.

Similarly, tihoerasnadeadet atplpen € atair @nsman c | 0 S ¢
analytical solutions present in the I|itera
for the presbBotedESr coungcieapagmpCuFtDe ttohoe se nttoi r
perf or maniocseo npiurteacttiloyédhlug ,ex héssicveates a n

acomput ae¢fi foinail ¢yt CFD model fomansimul ani RGN

4.2. Sensible StoragéModel

The lapgmgti ons aCP U CMHX hdebe c tfroand fc dceosol ti onpy

comp thteaedresen dihecwessed
3



4.2.1. iCMHX Geometry

ThieCMHX cools the hot | iquid, whiahcrcassi e:s
fl owing cold ambientr oasisr .t hleh eaicradlfido wenidre nfglt

i CMHX. Similarly, the hot |iquid (water) e

into the fireshahaetfhsofwhtilkcd liisqesiegar ated fr

via a thier AB&I| Ipol ¥imi s fHiwkde thAllsdamei 1 esath o wn
transfer a rpeaas,s tstyest@oubylieet dse doompar acdhet d
sinpmdes systemhigekesul heag ttnlatnted epias®led f i c |
system but alitgh érre dmgroepd s Wrhee det ai |l s of t he

summai ima ed e

Wit 0 e D wq R
twa!! 1l
Liq‘.ﬂd —
Manifolds I
Liquid || |
Inlet | W |
A" B! C D' T
F'y [ LC
Air Inlet || | Air Outlet L @
: D
] ff, J Air flow sy
i ® o 0 o o 0o O -‘
|| W Lo o © 0 o 0 &|
' +—e o o ©o O O O i
Liquid _ STI 0 0o o°o o o o & Liquid flow
; +—e o o0 o o0 o o
Manifolds e & & o o & d// s
o o o o O O O ~ Ny
©o 0o 0O o o ©0o o
O O O o o o
S ©o 0O O ©o© o ©o o
o o o o o
,," i P O o o o o o |_
L | ,

|

Ni{in.s
ABS Pol;r/;ler walls
FigldeSchematic of the i CMHX with detailed ge



Tabdt eDesi gn sogfediCtMHXat i on
CMHX Dimensions Tube-banks Geometry
Lg 16 mm Nghan 5
Ly 119 mm N chan 6
Ly, 119.6 mm D 0.44 mm
Wy 19 mm Sr 1.4 mm
Wiy 2 mm S 1 mm
twall 1 mm nJms 14
fins
Weight Ny 84
Total weight | 253.2g
The modelingtpreoegresst fIr@wmel towithenewt bre
di scusisdadus trrsat seed
‘CFD Segment Model ‘
i
Input: luid- _ . . 1
Rep, Pr,S;/D, Fluid-1 ————_p—_p—_jp— o g, g | FlUid-1 OELlI.:;pl\lIlltl i
S./D ' S —— , E
Input: . !
Rep, Pr,57/D, Fluid-2 OEutpl\l‘lt: i
S./D u,Nu :
1
J Mesh—IndependenceJ
Input: Output: i
Eu,Nu - Fluid — 1 Eupyp Nugy; - Fluid — 1 i
i Eu, Nu - Fluid — 2 Eupyy, Nuy; = Fluid — 2 !
Overall HX Performance Prediction
Output: i
Input: R 1
, dP - Fluid — 1 1
Eupp, Nupyy — Fluid — 1 . I
EuM,,NuM, - Fluid — 2 dap - Féuld -2 i
1
Figlb@verviamod offi approach for i CMHX from segment |
4.2.2. Traditional 2D CFD SegmentLevel Model
Later,-iadenesihdence technique is described
results of Eu and Nu number s. The secti or



Numerical Setwup, (ii) Nusselt-IlNdmlpem,de(niciei )
St ullydetailed study50&4n also be found in

4.2.2.1. Numerical Setup

Thde&ul er and Nusselt awuwenbebtad oaettaieli e dC MIHFEXC
study piemdepenmedent | y on ,bodadc tariadiatnidond algluy c
l'i teraflueye are modeled independeretlly since
andlodepend only on t hecognedoinieitornys asnudc ht haes ffll
[ 6.0he staggered tube bsaynnknse tweirce mooddeell eodf aas
since 3D is computationalbiftyheex CMHXi appl Tlca
of CPU cooling serve as the boundwary cond
Reynolds flow of both | iquid anf@é6dijandgi des

no vortex shedding, S U gsgteasttei nngo dae | 2 D Tshyem naeot |

boundary condinti gb@mesA awel ogaivieyn i nl et is appl
a pressure outlet is given on the right. T
The inlet and outlet are placed at around

the upstreamboundawysttco@aamti ons de not a
computatienédlurtbhet sdwhed maxki mesmt miueantbiemg of
model ing to 20.

The operating conditions for thisTadbppl i cat |
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. fins —— Velocity Inlet
m]-n(Na ’ 20) = Pressure Outlet

\ Symmetry
Air flow [ N | —— Walls
> L
! \.L‘ “ w s % 1% 1 'ItST
| Mo M N ~ ~ ~ ral 2
S, D Air flow
- L >
d O © ©O O ©O O -
' o o o 0o o G_
-—@ O 0o O 0 O o0
9;1 o o o o o o0 @&—t fins
o o o o o o «&
© O o o o0 O o
o o o ©o o o o
o O O ©o© o O O
o o o o o o o o o o o
o]
Q\. (i.) .’9 o o] o] Q o] O —
v v
' r ' Liquid flow
N{{ms
. fins
min(Ny, ,20)
)
Liquid flow LS
— o2
| A w o v v u IQSL
m~ ~ ~ ~ ~ ~ ~ v
FigubéNumeri-cpli setuding domain and boundary conditi

i CMHX

Tabst eOperating Conditions for Electronic Coc
Ther madi tCioons

ayY ¢T3

FI ow Conditions

YQ PO QT

YQ PO XW
Simulation Statistics

Total Cases| pULU @

In the first step of the modeling, the geometry and boundary conditions were set up
(seeFigure16) and meh operations were performed, including edgéng and face
meshing consisting of unstructured triads elements in GAMBIT 2.4.6, as shown in

Figurel?.



FigubveMeshed domblewndlee weeansi sting of 922,594 cel
seen around the circular tube (bottom)

I n the next step, the meshed model was expc¢
simulations holding the following assumpt.
1 Laminar, steadgtate,incompressibldélow, andiso-thermal flow with negligible

work done by gravity, pressyr@nd viscous forces

1 Constant fluid properties

The boundary conditions for the model i ncl
inl et, sy mmaeatdr yt, h eavaporluet sl seutr. The velocity
correspesndien garedi tfléeing utdhder exxct i on al ong with s

t empee™Mtuas i ntphtee mper atduraeOfendtévnal ues. The

symmetry boundary in Fluent i mplicitly set
vari abl edi tismont hteo yzer o. The wall boundary
i sot her mal at ("¢ ognieh et gpmeeastslauerter Poundary cond

the outl &t Ytroe szseuroe.



The resultingSgokesneqygatN&RRD semodoerl tahree 29D Vv ¢

Equatli@ns

Contir nOp T «y
Mo ment n O Mipd no Ny 2
Energy nOmpd Y nOE4 (3

whewhean¥ar e solved for boztherxmameaprye slé mtes ttih

stress present in the fluid.

The simulations were ruhobwnt $ aoinhvi efirggsetnpcret b e
The solver consists 6drrdBeRE SuTpOvifnodr fporre snsounnee
ener gy, rasnidduadbl flormictonotfi nluei t y-1 2nfdo moene @&t g yn
The final step ofthe CFD study includes a peptocessing procedure to com@uituler

and Nusselt numbers for both air and liquid sides from output parameters such as the
areaweighted average of P computed at the veleicilgt boundary € | ) Hhd the

massweighted average of T computed at the pressutket boundary {{ O 4y m

respectively.

4.2.2.2. Nusselt Number

"E’lis computed using the "ER fmethod. Since the air side and liquid side are
modeled separately, the "Hj frelationship for independent fleaonfiguration is
employed to getEr rfrom & for each sidet is first evaluated for air and liquid sides

followed by NTU.

Y Y (4)




OYY 1 1@ - (5)
where the indextakes the value of a and

The heat transfer coefficientd ] are then computed frosh 4| susing the following

equation.

< oz O O 6
QW (6)

wherel and=refer to the masBiow rate and flowarea corresponding to the CFD
domain, respectivelyl ¢is obtained fromlfor both air and liquieside using Equation
(7).

.. Q0 )
U O TQ

where the index takes the value of a and

4.2.2.3. Euler Number

Similarly, Euler numbers for both air and ligtsdles are obtained using Equat{@h
where ® |Lis defined from the simulations as tha& ( T Mg "7 Hhd 4, as

@ (8)

En N 4
C v v

0o

where the index takes the value of a and

10



4.2.2.4. Mesh-Independence Study

The accuracy of t he aCFe srhe siunldtesp eOndal reigintper osvt euc
Oousing three diffesiecdhée anmsd lWleil @ weidldihsee ment @ |

met hodiosl osghywiwpu&ed described in detail bel o

Stepl: Consider 3 different mesh levels and
globally refine via edge-sizing

Step2: Impose a curve-fit on Eu and Nu with
total cells in the form of power law and
evaluate goodness of curve-fit

AN

b
+ (Ncells €

equivalent

F(Euor Nu) =a

Step3: Determine if further mesh-refinement is\
needed by computing the deviation of
extrapolated value from finest mesh value

l

( Step4: Mesh is converged if deviation < 15% J

AN

FiguB8eMet hodol ogy-imdepempeine medler and Nussel't
1 Stepl:The mesh is globally refined by meng the edgentervals during edge
sizing operation in Gambits shown ifTable6. Here, the number of equivalent
cells, "EH,™,is Hefined from total number of cells for both air and liquid side as
shown by Equatioi):

0 a1 GtARIT 1 O 9)

Tabtt eSpeci fications of Mesh Levels

Total Cells
MeshLevels o .
Airside Liquid-side
588268 540864
922594 1226264

11



3 2329468 2222450

1 Step 2A curvefit for an equivalent number of total cells () is adopted in lieu

of Richardson exapolation[62]. A power law curve is fitted mathematically as
shown in Equatioif10):
. W 1
6 O )

5
where "O stands for a generalized cusfitted term representing® 6 and 0 6

corresponding to the respectite  for both air and liquid sides, amal b, andc
represent some fitting coefficients. The finest threeshmealues "RQand Q)
representingO 6 or 0 6 corresponding to the three mdskels 1, 2 and 3,
respectively, are consideréat the curvefitting process
From Equation(10), the asymptotic valiséextrapolated solutions, whén
Ho, are given by thedcoefficients of the cunwits. To check the goodness of the
curvefit, %3 is defined as the maximum % difference between the raegh
corresponding curvét values.

1 Step3: To determine whether the mesh is sufficiently refined to provide the mesh
value closest to the extrapolated solution, a parameter denotdeh by is
introduced. It is used for comparing the deviation of the extrapolated solifion,

obtained from &p2 from the finestmesha | ®, aé shownll)in Equati

EOIN )
P 5 pTTT (L1

1 Step 4: Iftheb)  obtained from Step 3 is less than its tolerance limit, then
mesh is said to converge. The extrapolated solution a is taken as the mesh

12



independent value f@ éand0 ofor both air and liquid sides at different Reynold

numbers. A tolerance limit of 15% was setlfoy 8

The mesh was f aoumd It a hceotnteeesregss iftba &md hl i qu
For clari-siydetheenhdqgtiod only one Reynol ds
the -tutveng abpipghkpe hl ( sea&ses wi hbenot mesh

desibnedcan be achieved by runsamnhgafthhner m

computational <cost.
L] T L) 6 T Ll Ll
13.269
cfd _ cfd _ 637.873
0.555¢} Euw =0.539+ Nce]l:J* huw =5.111+ NceII;J
eqv, 5.8 L eqv; 4
- 0.55} 1 T 56
C = 033
-
w @® Mesh Values at Re = 41 < cat ® Mesh Value at Re = 47
0.545 } - =Exact Solution | 7| |= =Exact Solution
——Curve-Fit —Curve-Fit
52t
1 e I | | e
i " M M 5 - L + B
800 1000 1200 1400 800 1000 1200 1400
P cells . cells
Equivalent Neqv Equivalent NaqvW
(a) (b)

FiglLu®eTr dingdwiodiac)ul er &odbéb) Nuwséht Equmkéatrent Mesh
part iYcwad laue

Tab7t eMésdependence Summary

Airside Ligsei de
Eu Nu Eu Nu
Ma X i nd4sm MToPwl MBrtoocuvl ™pPpCP T8i¢ pob
Ma x i nPy m ™ 1 X P P pp P pdomm b p@bpP
It is to be fdttad ntgh atp ptrioe che futt édaiserdts t he
as it is representative of the first order

13



curfviet such obtained -emohgitngtwist hi goblde cwm
for both Euler and Nussel't numbers for bot

Tabi) e deetmosn s tsu@gtgiesmn s t hat our Gassudmpatsi on

justifiable. It is al 9 whsteh veotdOnyg t hat
for higher Reynp@dsx pudinteads o the | iquid
fine mesh refinement on the | iquid side sh

4.2.3. Analytical Model Based Entire HX Model

The menddlependent Euler and Nusselt numbers
compute the overall HX performance.

4.2.3.1. Heat transfer

The authors based the heat transfer study

transfer across staggered tube banks. The
O06f or both air and | (1RuiSlboccaes rehawn oins Bgea
in the |iterature for the c-undeptendenmeCF{

simul ations, whihc hEqiustdteipnisai ned t hroug

06 Q 1y
0

where tQe kiemdehe Oal ue of a and

Once the heat transfer coefficients determined for both air and liquid/water, the
overall thermal resistance (see Equati(ify) is calculated using the thermal circuit
model, formed due to the (i) arde convective resistance on the fins, (ii) Water

side convective resistance on the fins and (iii) the conductive resistance ACLQSS

14



The fins for airside convection are consideredbetween planesf | pedsee

Figure 14) while the fins for the liquieside convection are consideredbetween
planes= ||| such trt they all have adiabatic tips due to geometrical symmetry.
The region between the two planes in each case is defined as an interface. For wall
resistance, the interface is said to be the region between the pllinesr gseparated

by «1adistance. Drawing this analogy on the entire ICMHX, there is a tofal of

4l % I+ ) interfaces formed by the planes;or for the current design.

Therefore, to calculate the overall thermal resistance, thefffiency ¢) has tobe

first determined using fuparameter{ == and effective fin IengthJ(F) for both air and

liquid sides.
. TQ (13
“an [0
v O
; 00O (L 3
L 8T
AT &nd 1%
Bl & 1o

where the index takes the value of a and

Following the thermal circuit model, the overall thermal resistance is then calculated
using Equatior{18) from (i) the air side, (ii) the liquid side, and (iii) the walls, using

the mentioned heat transfer fin areas derived in Equati@hand(17):

11 ’O A 4 b (1 E
o —0U V) €
T
0 “©0 ou O @y

where the index takes the value of a and
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After=| <« <$falculated, the overall theal performance parameter such as heat
transfer rate |%) is calculated using the "Ei fmethod (see Equatiorf&l) i (23)),
considering that the CMHX operates in a cffies/ configuration with both fluids
unmixed. For the "ER nmethod, the overall NTU has to be calculated using

conductance=t=. o o »k Sj.nce=| <« <saknown,z=. , _, is galculated as shown

below:

p P 1y

Yo Y
o) i EB 6 o 2P

- Yo
6 "% L @)

0

. 8 . 8 2

R p Q 27
0 R 6 QY 2 3

The methodology is also explained aflowchart, asn Figure20.

Besides this, some typical trends are obsedyaris shown to increase with increasing

4 gt = ™ »63] following a powedaw trend, as showbelow.
06 "QY® RYRYHO 2 %

06 0 0 2%

where=, FandO are some fitting coefficients.
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Nu,

From mesh-mdependent
Nu obtamed through CFD
for air and water
separately

A

Rair

—AMA—AAMN— AN ——

Rwalls

Reotar = (R)air+ (R)water +(R)walls

Rwater

1
Udoperau = Rroral
ota

NTU

l

€HX

Calculate heat transfer coefficients
for both air and water

E Calculate Fin-
: Efficiency

mL¢

tanh(mL®)
ey

Calculate thermal resistance of air, !

water and polymer walls :

hAfinsn

Calculate overall thermal
resistance

Calculate overall thermal
conductance

Calculate Q from € — NTU method

b Q = epxCmindT

FigR®eMethodol ogy for paocediction of HX per

6 6.5
. CFD 6
Curve-Fit 55
5 § ; CFD
Curve-Fit
a5 = a5
4 . .
!
3.5 [Nug = 1.863 + 0.673Re™] 2 [Nu,, = 0.954 + 0.9063Re"]
3
3 0 20 40 60 80 100
0 20 40 60 80
(a) (b)

FigRteTrend of airside Nusselt number with
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From Equation(25), it can be seen that the cufiedeviates from the conventional
form mentioned in the literatuf64,65]with an offset. Thigleviationcan be explained
becausehe literature correlations are generally applicable for higher Reynolds flow
where Nusselt value continuoystaries with the increase in the size of recirculation
zones due to turbulent flow. However, when the Reynolds number is very $iall,
appears to be fairly constant, equivalent to the of&sefhe constariE"Ivalue is, thus,
interpreted to be the fullgevelopedE’Ivalue (66] and[67]), which along with the
developing flowterm enables this cunvi to work even for lowd geonditions. The
effect of 'E”ls incorporated with the coefficiei#®t An assumption af 8 is made

to be in agreement with the correlatifiosm given in the literature[68] and[69]).
Since the curwit is goodp that is, maximum of %-y; -igwithin 1.2% except one

point withb - pfiaround 4% our assumption seems to be justifiable.

Also, there is an effect of geometrical parametersEshfor the air side -M =14
mm,{u  O0O) and liquid side {4 = 2 mm,{s 0.7 mm). Since they share
different geometriesd! ¢ is curvefitted separately for each sidés the geometrical
parametersvary, the recirculation region spachanges.The recirculation zones
expand as the flow becomes more tortydesding to better mixing between the fluid
and the fins [70]). Thus, the effect ofl ¢ due to{y and{:s depends on their
contribution towards formation of recirculation zones behind the tubes at different

Reynolds numbers.
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4.2.3.2. PressureDrop

The flow impedance, or the air and liqupressure dropss governed by the
independent variables, including geometric spacing and air and liquid flow Tags
pressuredrop is calculated fromp Ousing Equation (13), as mentioned below. Like
4 oh Ocorrelations are also absent in thertature. They are also obtained from mesh

independent CFD results as discussed in Equéjon
TR e Y 25
where the indextakes the value of a and.

This can also be explained through flotvart, as shown iRigure 22.

From mesh-independent Eu | Calculate pressure-drops for both
obtained through CFD for air and water separately
air and water separately

1 ,
dP = Ep(velocity)zEu NTins
FigBkeeMet hodol ogy fodrammputing pressure

Like 4 0vs.{ gthe relationship between theowith Reynolds number for air side
and liquid sides was found to follow the inverse poesaries, according tthe trend
observed in the literatufé8,69] The goodness of the curifielies (seeFigure23and
Figure 24) within the maximum of 2.7%, thus the trend gf0 decreasing with

increasing] gfan be quantified mathematically as shown below:

006 "QYAYRYRO 2y
~. 0 (2B
0o YO 0



Eu,

Nu,

2.5

1.5

0.5

5.5

4.5

3.5

where A and B are some fitting coefficients.

CFD

Curve-Fit

Eu, = 19.379 +0.679
U, = Re .
20 40 60
Re
(a)
FigBBeTrend

CFD

Curve-Fit

INu, = 1.863 + 0.673Re |

20 40 60
Re

(@)

FigRdeTrend

Eu,,

of

Nu,,

Nussel' t

1.4

1.2

0.8
0.6
0.4
0.2

Eul er number with

6.5

CFD
Curve-Fit

15.385
Eu“ = T+ 0.209
20 40 60 80
Re
(b)

Reynol ds

100

5.5

4.5

3.5

CFD
Curve-Fit

[Nu,, = 0.954 + 0.9063Re"]

20 40 60
Re

(b)

number with

80

Since [ ¢also depends on the geometrical parameters of the tube banks;siuke air

and liquidside | ¢ are reported to have different Euler numbers even at the same

Reynolds number, sinthey have differenfly and{|s. FromFigure23 andFigure24,

20

100

Reynol ds



it can be noted thafo 1 has higher value compared ¢ .., as-||4| for the air side (%

mm) is less than that for the liquid side (2 mm). This justifies the reasoning that the
flow impedancencreases if the tubes are placed close to each other in the transverse
direction of flow[71]. The effect of||; is observed to have considerably less influence

on Euler numbers, since the flow is passing through the tubes suttetlatgitudinal

spacing doesnodot affect the fluid path sign
4.2.4. High-Fidelity 3D CFD Segment LeveModel

A detailed studyegarding thisan be found ifi72].

4.2.4.1. Effect of Printing Variabilities

Since the ICMHX is additively manufacturdte effect of printing variabilities on the
ICMHX dimensionsneeds to be studied and then implemented in the numerical model
to predict the iCMHX performance betteFor this study, the ICMHX was first
hardened using an Allied eposgt of resin and hardener to retain its original
dimensions and #n machined into different segments (§égure 25), which were

analyzed using Keyence VR3200 microscope and Hitachf @BEG SEM.
Some major printing variabilities are discussed below:

1 The wires were eessiely squashed in the water flow directiongyis), such that
they acquired spatialyarying ellipsoidal shapes instead of nominal circular
shapes (sefeigure25(a)). Thissquashingould be due ttheimproper fundbning

ofthewiree x t ruder mechanism of the printeraos
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Syl

e

Ellipsoidal

Squashed Wire
(Ellipsoidal)
SEM HV: 10.0 kV Det: SE
WD: 9.00 mm SEM MAG: 70 x
View field: 5.94 mm Date(m/dly): 10/14/21
(b)
FigRbe(a) SEM image for wire spacings and wire sha
water channel width

1 The wire spacings, particulgrSL, varied with a high standard deviatias,shown
in Figure25 (a). This misalignment among a few rows of wires deviated from the
nominal staggered configuratiolh might have occurred due to the precision rerro

in the movement of the printerds met al h e

1 The water channel width, Ww, also varied spatially due to variable polymer wall
thickness (sed-igure 25(b)), possibly caused by the precision error in the
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movement of h e

pri

nter os

p ol y itneaverageraading ofT h e

width of the water channel from its nhominal reading was the highest of all the

geometrical parameters.

1 The coating thickness of polyurethane sealag)(from the dipcoating process

around the wire was around B8

A statistical analysis on the measured dimensions was carried out, the summarized

dimensions shown ifiable8.

Tab8t eMeasured di mensions of i CMHX due to
Nominal Measured
[mm] Average | Standard Deviation Range Number of .

[mm] [mm] [mm] Measurement Point
Ay 0.44 0.48 0.042 0.3430.686 982
Ay 0.44 0.42 0.045 0.2750.566 1025
i 14 14 0.15 0.4722.78 941
Ne 1 0.94 0.253 0.2241.74 850
N 2 1.79 0.18 1.232.13 106

Hor 1 1.08 0.127 0.851.48 49

Based on the average measured dimensions, the overall ICMHX design parameters (see

Figurel4) are formulated as shownTrable9.

Tab% eDesign details, as
i CMHX
By i 16
= 119. 6
B oyl | 119
i ;pg00 253. 2
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A Tels 2.271105
0o
Ay {1 19
R 1.79
Hap b0 1.08
[ 5
T °H 6
My 11 1. 4
e T -
e 1 1 0.9
i 0.48
Ay 0T 0.42
"B 14
"B 8 4

The numerical study is then carriegt in the next section using the above dimensions

4.2.4.2.

The segmenkevelbased 3D CFD study is performed on ellipsoslzped wires or

3D CFD Numerical Setup

tubebanks. Though several studies have been performed on ellipsoidal shaped tube

bankdg73i 78], little work has been done directigtated tot h e

current

eccentricity, tubéank spacing parameters, and laminar flow conditidhg. water

studyos

side domain for the current study is obtained by simplifying one of the water channels

of the iICMHX, as shown irFigure 26 (a) and (b).This simplification is done by

assuming a uniform fluid flow and temperature profile across all the water inlets. As

shown, the wateside domain is first reduced from a single water channel to a single

symmetrially half water channel consisting%)q‘= ToX

domain, however, can be further reduced aldupgindi; dimensions. A symmetric

4_ dimensions. The 3D

flow field is expected along thedirection for given flow ranges ( =|-_ ),

as similarly observed in thedrature[61]. Thus,=|4= dimensions, including s wires,
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can be reduced to a symmetric domain consisting of two consecutive wiresein the
direction, {1 distance apart. The effect of the wall boundary in thdirection is
modeled separately using similar domaind boundary conditions. For the,
dimension, the computational domain in théigection can be reduced by using at least
20 wires, as the equivalent number of wires in the longitudinal direction to fleater
(24 4) is too large. These equivalewires are defined based thelongitudinal spacing
between the wires (&) along the wateflow direction. Since the water channels are

too narrow, the ratio ahewidth of the watechannel (W) to thetransverse spacing

Water-Channel
Domain

Air
Channel
Domain

7] Velocity Inlet
Symmetry

B Wall (Tubes)

[1 Wall (Polymer Channel)

Pressure Outlet

Lq

—min(2Nr,20)
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Velocity Inlet
Symmetry

I Wall (Tubes)
Wall (Polymer Channel)

Pressure Outlet
m1n(11VL,20)
)
mRllisy)/2
Fig&6 Domain simplifications: (a) ent tHreeveil CMHX don

watseirde 3D domain (c) simpildéidamabn to segme

between the wires (25is much less than. Therefore the velociy component and
gradients of the velocity field of the water flow in thelirection cannot be neglected,
as explained in the literatuf@2]. Thus, the wall boundary condition on the polymer

wall must be modeled.

Similarly, the airside domain can be obtained from one of the air channels of the entire
ICMHX, as shown inFigure 26 (a) and (c). As shown, the &rde domain is first
reduced to a single symmetrically half air channel consistin@+of T+ 4,
dimensions. As the airflow is also expected to have a symmetric flow field in the x
direction for the given flow ranges ( =|.4= ), the 3D domain is then further
reduced along . dimensions, including J wires, to a symmetric domain consisting

of two consecutive wires in the@irection,-||4|7 distance apart. The rest of the other
dimensions can be simplified. Since the air channels are too gidd@{y>> ), the

wall boundary condition in thedirection might not be needed. Howeveirs modeled

as a 3D domain like the water side for consistent boundary conditions
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The airside and wateside computational domains are created in Gambit software
using MATLAB scripting. Each computational doméasrobtained by first using edge
meshing operationna meshrefinement on the wire edges, followed by face meshing
operation on the surface using triangular elements and pave scheme. Later, hexahedral
and wedgéaype elementand a cooper scheme suitable dglindrical surfacesnesh

the entire domain volume.

FigR7reMeshed dhbestaliinpss oftotinealt efrisni doeard anmadiunst rati on put

A velocity inlet condition is imposed on the surfaces where the fluids émaar

respective domains, while a pressotdlet condition of zero Pa is imposed on the

surfaces where the fluids exit the domains. To ensure that the upstream and downstream
boundary conditions dondot af f eaoundillbe r esul t
from the first and | ast wi R4 Atempesaturd one i n
Dirichlet wall-boundary condition is imposed on the ellipsoidal wires. Some constant

temperatures can be considered at the inlet and the witestag mper at ur e donaot
27



the Nusselt number, assuming that the thermopalypioperties are constant. The
meshed domains are separately simulated in Ansys Fluent for different flow velocities,
oy, with the assumptions and solver details mentionedsre 10.

TabllOe Astsiuanmps and solver details for 3D mod

Assumptions
Laminar flow, steadigtate, incompressible flow
Constant fluid and material properties
Uniform fluid flow and temperature profiles at the inlets
Solver Details and Methods
PRESTO for pressure
1storder upwind for momentum and energy
Coupled scheme for pressure and velocity
Convergence tolerancprt  for continuity and momentunprt ~ for energy

For thermal performance, the Nusselt numbers for both fluids are obtained using the
Eff-NTU method as detailed [24]. Typical velocity and temperature contour plots at

some given flow rate faheair-side domain are shown Figure28.

Velocity Magnitude ( m/s )
y 0.00e+00 1.00e-01 2.00e-01 3.00e-01 4.01e-01 5.01e-01 6.01e-01 7.01e-01 8.01e-01 9.01e-01 1.00e+00
(a)

e
|:> contour-1 |:>

Static Temperature ( k)

2.93e+02 3.04e+02 3.15e+02 3.25e+02 3.36e+02 3.47e+02 3.57e+02 3.68e+02 3.79e+02 3.89e+02 4.00e+02

[ — ] —
(b)

FigRB8eContour plots of (a) velocityraaned a(tb )s ytnenmepterrys
pl ane esfi dteh ed oaniarigh di st anee from the wall
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The Nu and Eu numbers are obtained using similar methodology as discussed in
Sections4.2.2.2and4.2.2.3 Similarly, they are then iagrated to compute the heat

transfer coefficients faheairside( |+) and watersidé |) using Equatior{12).

Furthermore, to check the independence of the CFD results from convergence
tolerances and rsé sizes, a residual independence study is carried out, followed by a
mesh independence study. For the residual independence study for a given mesh, the
continuity residuals are varied from  to and the Euler and Nusselt numbers

are obsrved to vary within 8 P . For the mesindependence study, the residual
independent values of Euler and Nusselt numbers are used for a given mesh. The mesh
cells are varied uniformly in all-xy- and zdirections. For the air side, as the mesh
cellsvary from 880,000 cells to about 2,100,000 cefs, and! ¢4 are found to vary

within 0.7 8Similarly, for the water side, as the mesh cells vary from 340,000 cells to

about 3,600,000 cells, thgd ., anddl ¢, are found to vary withi2b 8

A graphical representation of the Cfebtained convective heat transfer coefficients

(Land |) is shown irFigure29.

342 13200
323 N:moo-
~
304
11000
=
2
285 < 9900
266+ 8800 -
T T T T T T T T T T
102 136 170 204  2.38 004 006 008 010 012 014
vba [m/s] vbw [m/s]

(@) (b)
FigR®eConvective ihekiagnttg amstfaeirnaed efffofil D rCER)based
air side, and (b) water side
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However, there is also an additional convective resistance due to the polyurethane
coating on the wire. The resulting heanster coefficient due to the coating can be
defined based on the cylinder thermal resistance, as defined in the lit¢88junad

shown in Equatioif29). It is computed to be around 11,4830 L,

l':n =+=4 (29)
<
n’l‘l’ ’i’ ’:1“'7 74-.3 :*:4
mh

L+

The effective heat transfer coefficients can, thus, be calculated as shown below:

(30

El T E+-

Thus, the heat transfer rate for the entire ICMHX is ultimately obtained using the
effective heat transfecoefficients in Equationg13)-(23) instead of just the heat

transfer coefficients

4.3. Latent Thermal StorageModel

This sectidepvébampsemp wteaftfiiocniaelnlty ROM f or 1

conduction in PCM envebapkngeoméealywi wesch
val i dated with ®vtasednwippnalacdeshal py commer
4.3.1. ROM

4.3.1.1. TES Geometry

The novel TES sys-medi anbbapealdgsmehatcmpesi t e
(sEeg8f(e) ) consiwitd n@orofcdcloa ffllui d in the

process) flowing acress alft erindaabhd PLCMWi d ch
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contained pod2 ymeof civalthtsk |sh BivgB30(ecHer e,
the TES system is takatabdnendobotfglyea nidCMHX ac
¢ used here is representatiwkof arhde i CMHX

0 respecstsi vakeyhoA fluid flows across the
transfer occurs between the h@t efxlpwisce damd
the fluid side whbahkageomet aywygegwdyvieannnde dt b ly
l ongi t'Y)disnpaalci(ng prargaomel)e)r.s TMeeeheat t hen c
conducts through o¢héewgtbs axtall yt umpatdhe
Thi s concept -damae tleayiocmontsg mailolus met al wi r e
conductivity such as copper,paowvogs ngl la tdhe
heat transfer route bet,wesencatlheenmke dihaef [curiods
appr oarkihgagecee and (d)). Since the heat tran
t hermal conductivity of the proesyinsetranceheunmni
When the wire reaches the PCM samnmcé,wheaire he;
t he PCMatampe r e atcrharss ii ttiso Yhtadesmptehrea t RUIGM s(t ar
mel ting and stores the heat eresmeetrhgeyr. mallhleys ei
TES systems are-manufaethywyued diusi wgl ya cust
propri ertiamtyer3Dcpnsi sting of two print head:
devel oped by -autfheomr saf At deet@o | ed descript.i

technique <can28bhe3lflound here
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‘ Cross Section A — A’

Vv s Metal wire (D) ‘ Cross Section B — B’
4 X | L { Polymer B Metal Wires
il / Surface M Encapsulated PCM
ol ¥ - i Polymer Cross-Media
‘ STI. eie .\ A h
® & @ ~_>_ WPCM nPCM PCM pproac
o o o o o : ===
Polymer Channel oo oo

encapsulating s oo e s

: PCM e e 9 0 0 ;‘—NT

3 .......... : :
® 00 00 : W fniia t
Cold i".'.'.' : Polymer Wall
Fluid SXCIC R (twat)
Out N,
L D S 6 N
| R |
- Cold Fluid ‘Cross—Medla Approach :
1 Out I 1
| |
1 |
4 1 :
1
. : :
: Continuous :
: Metal Wires PCM :
' :
gy ey Sy S
(a) (d)

FigBbeDesd®msaww OMES system (a) isemet oinalviveww( D &XrYc
showing met ablamki rgeeso mens ety bdec g | cviosw o fmexdZd apl ane wi
approach highlighmedi anappdoact (epdcngss o mel t

The present study focuses on simulating th
metal wireg]|iun da HXCM Iyt ecxatne nbdee de atsoi per f or m
for the frebezthgi precmsebar to the simulat:i

with minor adjustments.

4.3.1.2. Domain Assumptionsand Simplifications
Since the modeling of the entive, HXt doamai b
easily simplified Hevah badepe mbaret , s agman

assumptions:
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1. Constant and isotropic material properties of fluid, polymer, metal, and PCM (both
liquid and solid phases)

2. Flow is fully developed.

3. No hystersis in the melting temperature of the PCM ( )

4. Entire PCM at its melting temperaturey ( ) initially

5. Negligible effects of gravity

6. Heat only transfers through wire finand conduction through polymer wall is
negligible

7. Uniform fluid flow (0 ) and temperaturé€Y ) profiles at the inlet

8. 1D radial conduction in PCM

9. Quasisteadystate approximationYo ‘Qr or negligible thermal capacitance of

PCM. Here)Y0O Q0 Y Y FQO

Since the fluid is assumed to havéeuamiohor
acrossinlet chilxeselpsl ainre of the Fing8itree TES
(a)), ftlhoew fal@mmadhgle channel woul d Oh)ave t he
and i néerdt™M)reenpNow, using symmehanpnebdtndiani be
further redhaedet odamhahf suchwt Wfaand he wir

w Twill acts as finssidestpretfilveil . and t he
Thigsmpl i fieauliton in an equiw aanednt uniinfloertm v
t emper atuunrief corfml y di st r i bouhtaendn eolrdeirnetahiheeceyn t i
Now, for determining the inlet flionw tahned t e
tubank geometry, apn d aYekxndysveemipph Band |

Q0) indithectyion is used to identify each v
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uni formly distri buxt==0, atchreo sfsltouwin ea nipdn lotdéei M pedsrac
eacdfviire woutl beaanles dé-dnib e encet”Yyo riY,f oirp e ® 1)
(sEeregBiea)) . Ext end'ifimigryt,hY.s Sfiami | amy vy, for
profile, as the velocity is wunifor'mly dist
anji'wi rog, 0. Thi s means i'thWiarte,f oarl la tdieveai res
identical t her mal -dp e ref@dhrusslnh c &i mye sqilfoerm a vy
row wil |l have identical dtimecmaldyneérTfharsmanc
and Wwliyes need to ba& si.muThitedsi mltiefaide o f
channel domain to a siFhngled&d ar)aw domain, as
However, the singledirfodvw rdceomaifn uiiYd loundest t ¢
i =01): that need to be calcul ated ®Qtwiaeknown
t o WQhpe wire, the fluid @Qutilreét) (tleenpemad utr lee
fluid inleY )t dmngeptahteur e &nd so “Yfnor lanyt hi s
Qi ndeixcam be computedhérpmeviheuyaWiuess of Sit
fl ow model ac wosesdifeoemter wise identical
gi véénthe model can be reduced PCBvnrtehe sin
cartesian dorraig® i &as shown in

But, tPRPEMsiirneglceart ediiag®idomaincliumdes t hree
adudn) directions of conduction for t he PCM.

condtion, the directions of condud}lion can
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Entire TES Domain

A M Metal Wires
X B Encapsulated PCM

Pol
o e Half-Channel Domain

Single Row Domain

Single PCM-Wire Radial

Single PCM-Wire Domain

Single Row Domain

Cartesian Domain

i
N Gl 13
(b)
FigB8BteDomain simplification (a) Entire TES domain
domain to single wire radial domain
This simplification can be done by treatin

PCM domain as a single wire s.urlrcownrndad sby h:

same t her mal mass of the PCM as the cartes
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But geometrivwhdn yt lse eaikn qilge wire radi al do
tu-bank geometry for all i and | values, S 0

the radial PCM domai nsFo@32® he neighboring

Overlap
regions

Fi @82 Example of PPOMWI peecwhpndeirsuabadarl dge oimd turbye

Thus fot hewicngon entails a detail achdanal ys
understand the geometgiicnsw.ehavior of the o

4.3.1.3. Geometrical Study ofPCM-Wire Cylinders

Thi s section includes t he realistic and
neighboring singletwieresamaditaler damaimas swiats
single wire caet geioaneatvdi ooora iboefs .t iTe over | ap
captagy esddhBiwg3 3 a

First, the maximum cylindrical radius is ¢
proportional to t hhbkseaRM®EM ddoamaduinn Ttserne he f 2 D
PCM domain areas are comput)edanfdoorr abjloitahl t(he

domai nFksi g(8speeeand ar e equated wit hn efacrh tolteher

maxi mum equivalent )cylindrical radi us (
YUY “i o i
q q q q
wh eir eOfca na is the L. HO0OS.iset mewRi HeS. t el
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Sol viinggifoes:

= @1

Thus, the maxi mum all owabl e PCM radius for
31.
Y,

Sr/2

Overlapped region
(42)
Overlapped region
(A1)
(b)
FigBBE€omparing thermal masses for (a artesian an

c
shed circl es.

)
wires with owedlmapg kreedgiionnsr ed da
)) formed du

Now, as diPLddwserelda po tahead (i olisgd & €
to the geomet raidg adcyelnpmadc e ng afetdhteudi ed. The
t he ROM domain could be problematic as the
reginanhea ti mmet 8PkGeMh ectoomp | Ash etilghbor i ng radi al
domains equally shéaree dtireecdv eml aopg rceognidaurc,t |

gets affected by both theefnféeiegiidlso rtion gP GPMC N
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conduct i eaanddnyrbeoctths oXeshe 44 D radial directi on
t akemeltto t he PCM in thewoabddabedombhibhi ¢vemp

the ti menelt akémet ®PCM i n the caflhesi as dewmai

when the PCM in the dweriltasp croegiecsmp oind i an@my
cartesian domai n, the overlap region of tF
wire than that of the cartesian domain. Th
radi al domain as c¢ompanrddt tws tlhees sc amd letsii mm
Mat hematicall vy, the overlap regions exi st
geometrical spacings between the neighbori

Y(xdi rection); (iYO)®Eing3t&hee) dam exy i wlnamd) ; a
the dire(eli oecobifon). These different cases
by speci fiefd¢ratangseswbich ar ey d(eppeadi mat he
B. f.ocrompl et e deri vVatanodn saunmimaa n &lieyghBikass s howr
Here, the control |l ed dicraescetsi oanrsedf.aolris tot hnea rdkio
be notednetilghtborheg PCM cylinders wobhhyputalt

overl|l apping with the wires and thus are 1in

YTV.

5 Overlap-Cases

l % % ________ -
Sp Sp &S, St
controlled conlr controlled
, _ I [
0.32 097 1.27 3.14 4.12 12.57

—)

St/S., Values

FigBdeDifferent over |l apYEYasad su egso vaenrdn ecch nlt yr od d eeddi fdii
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The geometric behaviiguamtfi ftihedol)e rd fagpt Ireetgii «
PCM owaer r@giono(06) to the totoal )JPCMKM regi
detailed mathematicappeaBax ysi s i s carried
Thusgebmetricopacamedieer,my njeae i iGrYt he

anid N val,ueass obtai ne(@pifapopre rdglaxad i @ s hown

bel ow.

— | Ofl ¢r OHI

o
Q
-

4.3.1.4. Governing Equations

As the TES design is set wup, the governing

are discussed. rFtig swi,t i htehenogdedRnaMyi sk av e | k

radi al model tdroomplu)oefadm eapdiievwerm yt iumme | i z
the ther mal resi stance approach based on e
t heremeaelr gy ¥$ onwidree nm@)deils (det er mi ned. Secol

t heremmaelr gy st or ePdCMvinr et hmo dseilngilse extended t
domai Ri Q3 ke Since the inletrtempewat (sees ar
FigBle each -obwd heowliada ehave a different m
t heremaelr gy stored.-rdwWssarallindhei dwialely it
t herrmeasli st ancanandlhegy ot abQl ptiemtt e@esigygle

domai Fi Q8kei s additively orbotvwaimmoedde.l Tihsi redxt e
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to the entire TES® owmod®Indae mitsiicsahle fsoirn gdief f er
channels of the enhheremaeikBY,sttdreed oitralt Heaten
is again additively dtbhteadmedrdgy Qsatidnl gtdh et he 1
entire TES domadinf fiesr-ginretpedgiribvaet epd efdarct i ng t h
front 1)ocfadri otnhset &ppx(t Thenemodel is si mul ate
PCM has been completeltyhermels gtyi osedequi wlk
specified @pehi omweBiasce aifferetnitermegni t u
energy storFedntt madvamaeenent wil-toweatdi ff e
di fferent ti mes. The wires closer to the

compl etely thanthéae awayg. pTlheeaentiare model

in MATLAB.

4.3.1.4.1. Latent Thermal Energy Storage in Single WirePCM Domain, g

Thleiterature's tradihtaingra lg rympa dceald # s/f o rn vpoh avse
' inear transi[emn4a] whe ath eqwatoifenesms edsfpr tsesfear
numider9]l n greikerassumed to be very small (1 e
that the sensible energy is negligi-ble as ¢
stesadgte approxi mat]| ».4]Ass tchoen seinde rreed PvCaM ii ds

mel ting t¥mpertabaurre i(s zero conduction pr es

al |l the ti mess.t aTteus,hetrhm@al 5 tmpbdéed Wwimfge dd ma i n
(skiegdt b)) includes only the conduction thr
which can be computed analytically.
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The total réSisglamcwi f@Yr adaieaimedomai ns ¢ omg
using thestlse am@dcke ieagBakld)gprs shown bel ow.

Y Y Y Y (32
wher e etX@eakiesd t he Owailreees of 1 to
AsY can be obtained frwhm dheartenreaen mecsti esd
across a known Y nEd¥vd ttehnepseer at eigiest ances ar
cal cul afQed nfgdre awi r e, facsl ldawictugssresd. i n t he

1. Calculation of Fluid Convective Resistancel) i =i "n

The fluid th¥rfiad oelsdwltatne(@R usi ng Equatior

v p" 33
- Q o
whed e “—
Her®®, i s computed using CFD by <considering

number, ftowspropkeyamndgg®o mauambleap ant abet er
incl vdn#Ag Simd | arsl y,al cuQatedi uei pgoperties
QM and geometriicmadc!| @pdirmgn®t eflsaut hors previ o
studied t hinse nme tohnoeddo liong yd e[t 24 JISiinnc et Kt eh er & fl en
assumeddasef@pbg, const'vntr esor Talls isubseque
to constanfdt f or alfi res®@ (i) and thssatae stea

condition is assumed.

2. Calculation of Wire Conductive Resistanceq 4. . m

41



Theonducei veswstance of the portion of wir
t hi cskonegs (FsiegeB (b ) cial cul at €d6)0dmual wgi Ealulay i
B% by assuming 1D axial conduction.

: 0 (3 ¥
Y o

wher e€rteslsesct i oamdéa wiOrTe
Since it is computegpdck nadrealty toilve alinltyy ii & rhad aovin g ied
aconstant-samd estcoady ti on.

3. Calculation of the PCM Conductive Resistances] et

S nce -sgeadigt e appr oxiQmaits ooomputvead ianal yti
assumi ngt ateatdgat t rlannsdfreifc@Ohbrmiugehe 8 @& 0 me
paramenet @ cindgand PCM prope®t,jeasi abbwdi na
Equat3pam@h

\..‘ 3

11 & 35

P Q CN>

where t@eakiesddeevtaulbuees of 1 to

Her e, -etfifd cfiiefnaory, t hvei 4@ mail re i su sdonngp uat esd mi | &
met h o duosleodg yf o+ i tdlee- f flTahriedt-hen githh e o+—)

on thesi®M@Mi s obtained us@¥@Bt he foll owing

TQ Cp
QN O

an
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OAlTaEy O @3B
an o

where tQeaekiesddeOviaulbees of 1 to
Thutte instantaneous PCM cohddowthinge ivi ¢ i sat ¢
known-f meht ilatc attiiismet omput ed anal y®i cally us

P (39)
- b

Y

where tQekiesmdedhe O walrueeds ocafn‘dbD—+o

This approach saves computation&inttiame as

mu kdtiimensi on al CFD model i n® oifs tchoempRCMHKdd d
anal ytically. It is to be noted that the c
transi einwi Itlerwawray ef,orunil i ke the other resis

Using Eq3upd3®)ijYons s obtained3® seandBquatineomw us
compute the nomida@afhihehhtcdamr aqis®@ r|faotae ntth ee n ¢
i'single wire at time, t. The nominal heat
(4N

vy @y
Y

where tAQeakiesdde>he Ovtaulbuees o f 1 to

However, i n practjiscoe,t hwékt hiate diesmt hamit he

avail abl e heat transfer rattea ansequioneddt &C
(i Jcomp | gtseEleyg8 () ) . Thus, the maxi mum ava
ratfie )( obtained from the maliamied atetai | abl e
time is evaluated as shown bel ow.
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3 O 41
30

where tQeaekiesdexheOwalreees of 1 to
He ras, is computed basedfromtt Hoaptesdart me
maxi muanai rnoenitt 1 oxatasnbiebwow:

, . . W 4
&a 113 l l ” ( 2

where t@QeakiesdeeOwalruees of 1 to

Thus, the heat!Wirraen scfaer breatcealocfult@tRed as s h
n T ERM (G

where tAQakiesddeddeOwalrrees of 1 to

Eventually, the | dsémtgl en evi g\ -sstteopierids hgh ivish

i n Eq@adti on

3Q N30 4 %

4.3.1.4.2. Latent Thermal Energy Storage in Single RowPCM Domain, pge. <+

The |l atent enkWigryglsd owierde iins dmpepwtient bgr Ane
energy stored in afi geBrited y e, st ommgs el triorwg (sfe
di fferent wires. QTWwerenodehi hg dadfft eamhned
4. 3..1. Hlowever, the inlewiremparcatdsr ¢® ber ka
Equa@i®on This can be obtained by using ener
transfer r arf)e afnodr tthhee sPeM i(bl e héWwitrbkpst by

as shown bel ow:
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y ' "f] y (4%
ao

where t@QeakiesdeeOwalreees of 1 to

ASYf or0 aluéasrneow known, the 3@t efndr ealelr gtyhes t o
wi raereebt ai ned ws.i3n gl hSlesclt itohne t ot al | atent er
entire single row is obyt asitne€dé dory( aaldditnhge t t

wWires.

4%
3Q 3Q

4.3.1.4.3. Latent Thermal Energy Storage in Entire TES Domain [ <«

Similar |l y,hetredmeelrlgayt esnttor ed 3fOprf bhdmegieneémnrei ME
t, Iis computed by stiheprémaeli gy egtrat eéd gi m hteh é .
for the Orreanvas ndfngwi relsamcelos sof t he HX.

300 30Q ¢ € 0 4y
4.3.1.4.4. Time Integrated Latent Thermal Energy Storage in Entire TES [Fq. «4u

As t hd hleagmesirtgy stored in the ITTBOS ias gciovnepnu t
i'Wi ratiame, (the next steptheasremalsggmpdtient hhbe
TES for t he sstuebpsse.quHonwe vdta roneta P rtolge emeslets wi t
updat efdr ometl tl dcaot i dro,r 'dvigievenneeids to be de
Thus, the HKOM wasredneBunl@adr i n teii me30tfoorc oamp u't

gi viéwi rie f or t he nsetxetp b dA ss ctithdete irezaeede gtyi nset or a g ¢

for the sQndleadwi ntozxt PEMMEI §B8hg ©DOIMhe energy
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cnservationi atetr hagemetti agc ompfurtoen tt hleo cugptdiaa

(i 6 390 for t hset enpe,xtast isnhe@Bn i n Equati on

3Q “3

i o Yo i 0

where tQekiesmdedhe OwWalruees o f 1 to

Solid PCM
Liquid PCM
Melt-front interface

Fi gBbeCompuftreonme lltoc at-9toeap at next ti me

Asi 0 30i s known f-sotre pe;a eithd @gtridntesvicch ¢ r@rnaein g y
for the entire TES under cans aacsioflsitheodwmream n
Equa@dion

49

% 300

4.3.2. Observed Trends

Gr aphiocmael Ityy,piscal trends obtained from the
boundary condiFRii @3nése FFrioeg@ghao)wn iith can be see
heat tta&ndfodrl owa ©wiRi,t rtehned sheaRortransfer r

continuously with time as the PCNgY esistan

46



Physically, the PCM resistance increases Ww
casing theaharget oditstaamedc¢e f r ofrmm otnhte |woicraet it ool
Thus, a longer coheéadt ngntpathh gherf #ICie d e s

decreasing heat transfer rate with ti me.

Ty =Tpcm " For ith sudden drop

S [4)]
(4)] c
o c
o (=]

) .
% ! Amb, o H -
s At
© 4000F 0 e e : 7
~ G TR . —
Yt
O 3500 1
2 ik 2" wire L L
S 3000 ™ 3rdy;
— ire
C ot Meled
. /
S 25001 entirely
E 2000 3.8 4 4.2 4.4 4.6 1 1
0 1 2 3 4 5 6
Time (s)
(a)
(b)

Fig86eTypical trends obtained fromnldb)oRiGM urorpl(ot) h
at a particpmullanmeti me on XY
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